ABSTRACT Spatial modulation utilizes the diversity of multiple-input multiple-output channel to improve the spectral efficiency. In time-variant wireless channels, its performance degrades due to the inaccuracy of channel estimation (CE). In this paper, a data-aided channel tracking (DACT) method is proposed to improve its CE accuracy in time-variant wireless channels. Specifically, the demodulated data at current time slot are used to update the subsequent channel state information. Two different DACT methods with different pilot insertion patterns are proposed: 1) feedback DACT (FDACT) where when a symbol error is detected, the receiver will inform the transmitter to insert pilots and estimate the channel again; 2) periodical DACT (PDACT) where pilots are inserted periodically. Theoretical analysis of the CE error in time-variant channels is presented, which indicates that the CE accuracy could be significantly improved in comparison to the conventional counterpart. Moreover, the closed-form expressions of bit error rate for FDACT and frame error rate for PDACT are derived. Simulations are conducted to verify the efficiency of the proposed DACT methodologies.
I. INTRODUCTION
Spatial modulation (SM), together with multiple-input multiple-output (MIMO), could improve the spectral efficiency by using only one active antenna (or one set of active antennas) during the transmission of each symbol and the information bits are mapped to the index of the active antenna [1] - [3] . It can avoid the inter-channel interference (ICI) and inter-antenna synchronization (IAS) from which the conventional MIMO solutions suffer, such as V-BLAST and Alamouti space-time schemes. Besides, only one or a few radio frequency (RF) chains are required, thus the complexity of SM systems is much lower than many MIMO systems. Recent studies have shown that SM has the potential of outperforming many state-of-the-art MIMO techniques [2] .
According to the widely adopted optimal demodulation algorithm [2] , [4] , channel state information (CSI) is utilized to discriminate different transmit antennas. Thus, the performance of SM systems can be considerably influenced by the accuracy of channel estimation (CE). Especially, in timevariant channels, CE error becomes not ignorable and could not be limited by increasing signal-to-noise ratio (SNR), which becomes a main bottleneck of the performance of SM systems.
Some previous works are introduced briefly. The method proposed in [8] , referred to as the conventional method, is to transmit pilot symbols through each antenna sequentially since only one antenna is activated at each time slot. And the method proposed in [9] , referred to as pilot symbol aided channel estimation (PSA-CE), can be regarded as a combination of the conventional method and orthogonal frequency division multiplexing (OFDM). Both the conventional method and PSA-CE have to insert pilot symbols periodically and frequently to guarantee the CE performance in time-variant channels, which results in the loss of spectral efficiency. In [10] and [11] , transmission cross channel estimation (TCCE) and spatially-averaging channel estimation (SACE) are able to track time-variant channels efficiently. But the correlation information of MIMO channels is required with high implementation complexity.
To improve the CE procedure of SM systems in timevariant channel, this paper proposes a data-aided channel tracking (DACT) method. Specifically, the demodulated data at current time slot is used to update the CSI which will be employed by the demodulation at the subsequent time slots. The contribution of this paper can be summarized as follows.
• The proposed DACT method reduces the CE error in time-variant channels with no extra hardware complexity. Although data-aided methods are widely used for channel tracking in wireless communication, the hardware and/or computational complexity of data-aided CE method is usually high for conventional MIMO solutions. For example, [5] tracks the channel via a Kalman filter and [6] requires iterative layered detection. However, in SM systems, since only one transmit antenna is activated for each pilot symbol, the CE procedure of DACT is simple.
• Two different pilots insertion patterns adopted in DACT are proposed and investigated. The first kind is referred to as feedback DACT (FDACT). When a symbol error is detected at the receiver, it will inform the transmitter to insert pilots and estimate the channel again. FDACT transmits the minimum amount of pilots in scenarios with high SNR, but needs extra feedback information. The second kind is referred to as periodical DACT (PDACT) in which pilots are inserted periodically. PDACT does not transmit extra feedback information with the sacrifice of spectral efficiency at a relatively high SNR.
• Performance analysis for FDACT and PDACT is another focus in this paper. In previous works [13] - [16] , the CE error (or CSI error) is assumed to have Guassian distribution with zero mean value and fixed variance. However, in DACT, the CE error resulting from timevariant channels depends on the estimated channel and its variance depends on the previous demodulated data. Hence, we consider that the CE error has conditional Gaussian distribution and derive the closed-form expressions of the bit error rate (BER) of FDACT and frame error rate (FER) of PDACT.
• The performances of FDACT and PDACT are simulated together with the conventional counterparts and our analytical results, which verify that our proposal can improve the performance and spectral efficiency of SM systems.
The rest of this paper is organized as follows. In Section II, the transceiver architecture of SM systems and the timevariant channel model are demonstrated. Section III addresses the conventional CE method and the implementation of DACT, including FDACT and PDACT. In Section IV, we conduct the performance analysis of FDACT and PDACT. Simulation results of our proposal are presented in Section V. The conclusions are drawn in Section VI.
Throughout our discussions, the following notations are adopted. Normal-face lower-case letters denote scalars. 
II. SYSTEM MODEL
A N t × N r MIMO system with M -ary amplitude/phase modulation (APM) constellation is shown in Fig. 1 , where N t , N r , and M represent the numbers of transmit, receive antenna elements (AE), and APM constellation points, respectively. The SM works as follows: 1) For the information bits mapped to each SM symbol, the first several bits are mapped to a conventional APM symbol and the rest bits are mapped to the index of an active AE; 2) The APM symbol is emitted from the active AE and other AEs stay idle; 3) The receiver solves an N t × M -hypothesis detection problem to estimate the active AE index and the corresponding APM symbol.
A. SPATIAL MODULATION
The basic MIMO system model can be expressed as
where n is the index of time slot, and x(n), y(n) are N t × 1 transmitted symbol vector and N r ×1 received symbol vector, respectively, H(n) is a N r ×N t channel matrix, v(n) is additive white Gaussian noise (AWGN) with E[vv H ] = I N r ×N r , and ρ denotes the received SNR. We assume that the channel matrix at time slot 0, i.e., H(0), follows Rayleigh fading distribution and has independent and identically distributed (i.i.d.) entries according to CN (0, 1).
When only one transmit antenna is used for each time slot, the transmitting vector can be expressed as
where j(n), m(n) denote the transmit antenna index and the APM constellation map index, respectively, and s m(n) is the m(n) th symbol in the APM constellation map. To match the SNR ρ in (1), we have a transmitting power constraint of unity, i.e., E[x H (n)x(n)] = 1. Combining an M-ary APM and SM together, the constellation map of SM systems can be represented as
From (3), the number of information bits in each SM symbol is B = log 2 (MN t ).
Submitting (2) into (1), the received vector y(n) can be expressed as
where h j(n) (n) is the j(n) th column of channel matrix H(n).
From (4), we can confirm that each y(n) merely depends on one column of H(n), which will be utilized by the receiver to discriminate different transmit antennas.
B. MAXIMUM LIKELIHOOD DETECTOR
With channel estimation resultĤ(n) (we haveĤ(n) = H(n) for perfect CSI), the receiver is able to detect the active transmit AE index and the APM symbol. The optimal detector [4] is based on maximum likelihood (ML) principlê
wherex(n) denotes the recovered SM symbol at the n-th time slot including active AE index and the APM symbol. The optimal ML detection needs the joint exhaustive search over all the possible points in X , and the computational complexity is O(MN t ).
C. TIME-VARIANT CHANNEL MODEL
The channel can be represented by a N r × N t matrix as
with
where h i,j (n) is the complex channel gain between the j th transmit AE and the i th receive AE. At the initial time index n = 0, the entries h i,j (0) of
Then, a Gauss-innovations channel model in [17] is utilized to represent the time variation of the channel matrix, which is formulated as
where α is a parameter representing the variation velocity of channel [17] . The term H (n − 1) represents an unpredictable variation of the channel matrix, which is independent of H(n − 1) and its entries have i.i.d CN (0, 1) distribution.
III. DATA-AIDED CHANNEL TRACKING
In this section, the conventional CE method and its frame structure are introduced firstly and two different DACT methods are illustrated then. 
A. CONVENTIONAL CHANNEL ESTIMATION
The typical frame structure in the conventional method [8] is shown in Fig. 2 . One frame consists of two periods. The first period is pilot period during which the pilot signal is transmitted and the receiver estimates CSI via the received pilot signal. The second period is data period during which the data signal is transmitted. During pilot period, since there is always only one activated transmit antenna for each SM symbol, the receiver estimates one column of the channel matrix at each time slot. As shown in Fig. 2 , transmit antennas send pilot signal sequentially thus N t time slots in one pilot period are required to estimate the whole channel matrix. Here, we define pilot ratio η to be the ratio of the pilot period to the whole frame (pilot period + data period)
where L is the number of time slots in one frame. Apparently, η is preferred to be as small as possible and we can transmit more data rather than pilot to achieve a relatively higher spectral efficiency. In the n th time slot in pilot period, the n th transmit antenna is activated and the received signal could be represented as
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where q(n) = [0 0 · · · 1 · · · 0] denotes the pilot vector where only the n th element has the value 1. Hence, according to least square (LS) criterion, the channel estimation results of the red colored symbol as shown in Fig. 2 could be represented aŝ
In data period, the CSI is assumed to be unchanged, i.e.,
where the time slots ranging from (N t + 1) to L represents the data period. 
B. DATA-AIDED CHANNEL TRACKING
Different from the conventional method in Fig. 3(a) where channel estimation and data detection are carried out separately, the proposed DACT scheme is designed to track the time-variant channel within the whole frame to improve CE accuracy, which is demonstrated in Fig. 3(b) . During pilot period, i.e., 1 ≤ n ≤ N t , the channel estimation is obtained asĥ
During data period, the data symbol could be detected bŷ
whereĵ(n) denotes the estimated active AE index andm(n) denotes the estimated APM symbol at the n th time slot. Based on the detected SM symbol, the corresponding channel estimation result could be updated aŝ
When applying DACT, CSI is not only updated during pilot period, but being tracked during data period as well. Furthermore, the CE error of one column of H, e.g., h j , is determined by the time interval between the current time slot and the latest time slot when the j th transmit AE was selected. However, in the conventional method, this interval lies between the current time slot and the j th time slot in pilot period, which is always much larger than DACT.
Theoretically, the pilot transmission is needed only once at the beginning if there is no symbol error, and the spectral efficiency could be maximized. However, the drawback of DACT is that symbol error will lead to serious CE error. And it in turn will influence the demodulation performance of the subsequent symbols. We define this phenomenon as the error propagation of DACT. Hence, pilots transmission is still indispensable to correct the CE error caused by symbol error. 
1) FDACT
Pilots in FDACT are inserted only when a symbol error is detected at the receiver and fed back to the transmitter, where the error detection procedure can employ the error-detecting code in data transmission, such as the widely adopted cyclic redundancy check (CRC). If the feedback procedure is ideal and assumed to be completed immediately, FDACT achieves the best BER performance because the error propagation of DACT is avoided. Meanwhile, in circumstances with high SNR (the error rate is low), FDACT also minimizes the pilot overhead of SM systems. However, the feedback procedure always requires extra time or resources in practical systems.
2) PDACT
Pilots in PDACT are inserted periodically, which is same as the conventional method and does not avoid error propagation. However, it is more practical than FDACT and still able to improve BER performance and spectral efficiency compared to its conventional counterpart.
IV. PERFORMANCE ANALYSIS
In this section, the expression of CE error in time-variant channels is derived firstly. Next, the closed-from expressions of BER for FDACT and FER for PDACT are derived respectively. For simplicity, APM is assumed to be QPSK.
A. CE ERROR ANALYSIS
The CE error E(n) at time slot n is defined as the difference between the estimated channel and the actual channel E(n) = [e 1 (n)e 2 (n) · · · e N t (n)] =Ĥ(n) − H(n). (15) We assume that the j th column h j of channel matrix is estimated at time slot 0 and not updated from time slot 0 to n. Then, the estimatedĥ j (n) can be expressed aŝ
For an arbitrary n, using (7) iteratively, the true j th column of channel matrix at time slot n is
where h j (i) is the j th column of H (i). Combining (15 − 17), the CE error of the j th column of the channel matrix at time slot n is
From (18), we obtain the CE error expression of one column in channel matrix, which is determined by the time interval between the current time slot and the latest update time slot. And this result is correct only when the symbols from time slot 0 to (n − 1) were all detected correctly.
B. BER ANALYSIS FOR FDACT
Using the union bound technique [7] , an upper bound of BER can be expressed as
where PEP(x jm → xˆjm) denotes the pairwise error probability of confusing x jm with xˆjm and N (x jm → xˆjm) denotes the corresponding number of error bits. Our aim is to calculate the pairwise error probability PEP(x jm → xˆjm) in (19). If j =ĵ and m =m, we have N (x jm → xˆjm) = 0 so we do not care the PEP of this circumstance. With a fixed SNR, PEP is determined by the CE error of the j th AE, which depends on the time interval from the latest update time slot of the j th AE to the current time slot. Hence, the time interval n should be conditioned and the total probability formula is utilized to calculate PEP
When the probability to transmit each SM symbol is assumed to be equal and the length of frame in FDACT can be extremely long at a relatively high SNR, the time interval n can be regarded as a random variable (RV) that has a geometric distribution G(
From (5), the PEP conditioned on both n and the estimated channelĤ is given by PEP(x jm → xˆjm|Ĥ, n)
where
and we denote g = g 1 − g 2 ,
When the feedback procedure of FDACT is assumed to be completed immediately, the symbols before the current symbol in the same frame should all have been demodulated correctly. Otherwise, feedback would happen and the frame would have already ended before the current symbol.
Here is defined to represent 2Re{g H (− √ ρe j s m + n)} in (22). Since can be regarded as a linear combination of Gaussian RVs conditioned onĤ, n, the conditional expectation and variance of can be derived from (16), (18) based on conditional Gaussian distribution
Substituting (24) and (25) into (22), we have
and Q(·) represents the Q-function. Averaged overĥ j andĥˆj, the PEP conditioned on n can be computed by
where g i =ĥ ji s m −ĥˆj i sm and has the i.i.d. distribution CN (0, 4) if j =ĵ and s m = −sm, and CN (0, 2) otherwise.
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However, it is difficult to acquire a closed-form expression from the integration in (29) , yet it is manageable according to [12] and [13] , if the expression in Q-function has the following form
where C is a constant in the integration. Therefore, we hope the Q-function in (29) to have the form in (30), so an approximation is applied as
when
Substituting (31) into (29), we have
According to [12] , the PEP in (29) can be expressed as
where P(C) = 
C. FER ANALYSIS FOR PDACT
In PDACT, since the length of frame is fixed, it is difficult to obtain the close BER expressions due to the error propagation of DACT. However, the FER analysis of PDACT is manageable and a closed-form expression of FER is derived. In the following discussions of this subsection, all the time slot indexes represent the time slot indexes in data period but not the whole frame.
We define events
, to represent the first symbol error in one frame occurs at time slot i and B i , 1 ≤ i ≤ (L − N t ), to represent symbol error occurs at time slot i. Thus we have (
where B c denotes the event where B does not happen, and
represents the probability that one symbol error occurs at time slot k conditioned on the symbols before time slot k are all correctly recovered. Therefore, we can utilize the results in FDACT to obtain an asymptotic upper bound of P(B k |B c
where PEP(·, k) denotes the probability that pairwise error occurs at time slot k conditioned on the event that previous symbols are correct.
Denote the conditional PEP in (34) as
Because the probability to transmit each symbol is equal, we have
and
Using mathematical induction (MI), PEP(x jm → xˆjm, i) can be derived as PEP(x jm → xˆjm, i)
Comparing (41) with (20), it is apparent that the probability in (41) converges to the probability in (20) when i becomes infinite. Since the frame length in PDACT is not such large as FDACT, the assumption of the geometric distribution in (20) can not be utilized. But when i is large enough, the frame length of PDACT becomes compatible with FDACT and thus the PEPs of both PDACT and FDACT converge to the same value. Combining (35 − 37) and (41), a closed-form asymptotical upper bound of the FER for PDACT is derived, which indicates that pilot ratio affects the performance of PDACT significantly. The FER increases when L increases or the pilot ratio η = N t L decreases.
V. SIMULATION RESULTS
In this section, Monte Carlo simulations are conducted for a 4 × 8 SM system with QPSK modulation. The timevariant channel model is modeled as the non-line-of-sight Rayleigh fading model in (7) . The channel variation parameter α ∈ {0.97, 0.98, 0.99}, which represent three fast-fading channels with different variation velocity. Pilot ratios for the simulations of conventional method [8] and PDACT are η ∈ {0.05, 0.1, 0.2}. A larger pilot ratio indicates that CE is carried out more frequently but spectral efficiency is lower.
The CE performance comparison between DACT and the conventional method is studied firstly, which is suitable for both FDACT and PDACT because we only consider the transmission in one frame and pilots are only inserted at the beginning. After that, we simulate the BER performance of FDACT and the FER performance of PDACT in comparison with their conventional counterparts and our analytical results. Finally, the effects of different pilot ratios on the performance of PDACT and the conventional method [8] are investigated. ||H|| 2 ], is adopted to evaluate CE error. We consider its variation trend with the time slot index in one frame where the pilots are only inserted at the beginning.
It can be noticed that the CE errors of the conventional method at SNR = 5, 10 and 15dB all increase rapidly with the growth of time slot because of time-variant channels. At SNR = 10 and 15dB, the CE errors of DACT are efficiently constrained. But at SNR = 5dB, the CE error of DACT is close to the conventional method [8] . This is because low SNR leads to more symbol errors, which might make the CE error in DACT even worse together with error propagation. When SNR becomes relatively high, channel variation will become the main factor of CE error instead of SNR and DACT will be able to restrict CE error. Hence, we can confirm that DACT is an efficient method at a relatively high SNR. 
B. BER AND FER PERFORMANCE CAMPARISON
In Fig. 6 , the BER comparison between the conventional method and FDACT is demonstrated. Different channel variation parameter α is selected respectively, and pilot ratio is selected to be η = 0.1 for the conventional method.
Note that the BER performances of both FDACT and the conventional method have BER floors because the time variation of channel does not change with SNR and this becomes the main constraint of the BER when SNR is sufficiently high. Generally, the introduction of FDACT makes an obvious improvement of BER performances in time-variant channels for all α, especially in the region with high SNR. This improvement fits the previous conclusion that DACT can reduce CE error at a relatively high SNR. Besides, we can see the analytical bounds of FDACT becomes asymptotically tight when SNR increases.
In Fig. 7 , FER comparison between the conventional method and PDACT with different α is demonstrated. The FER performances of PDACT outperform the conventional method apparently in the region with SNR > 6dB, which is similar to the BER performances of FDACT. Meanwhile, the asymptotic FER bounds also match the simulation results well for PDACT.
Besides, in both Fig. 5 and Fig. 6 , we note that the performance of FDACT or PDACT with α = 0.97 is very close to the performance of conventional method with α = 0.99. That indicates FDACT or PDACT can achieve the same performance as conventional method in a much worse time-variant channel.
C. PILOT RATIO COMPARISON
For both PDACT and the conventional method, pilot ratio is a crucial parameter which could influences the BER performance and spectral efficiency significantly. In Fig. 8 , the BER performance comparison between PDACT and the conventional method with different pilot ratios is demonstrated and channel variation parameter is selected to be α = 0.97.
According to Fig. 8 , a lower pilot ratio results in a higher BER for both PDACT and the conventional method. For the conventional method, the CE error increases with the growth of time slot index in one frame, which leads to high error probability for the symbols at the end of frame. Therefore, the symbol error probability at the end of frame decreases when the frame length becomes shorter (or pilot ratio becomes higher). For PDACT, CE error is limited by PDACT and the main constraint of BER is the error propagation of PDACT. When frame length decreases, the symbol errors caused by the error propagation also decrease and the BER performance becomes better.
On the other hand, different pilot ratios can be selected to meet the demand of different BER performances. To achieve a required BER performance, PDACT allows the user to select a lower pilot ratio than the conventional method. For example, in Fig. 8 , the performances of PDACT with η = 0.05 and the conventional method with η = 0.2 are close, which implies PDACT can have a higher spectral efficiency than conventional method.
VI. CONCLUSIONS
A low-complexity DACT methodology is proposed to improve the CE accuracy of SM systems in time-variant wireless channels, which utilizes the detected symbol to update CSI at the receiver and the updated CSI will be used to demodulate the subsequent symbol. In addition, two different DACT methods, including FDACT and PDACT, are illustrated with different pilot insertion patterns, which outperform their conventional counterparts with no extra hardware complexity. Theoretical analysis and simulation results validate the performance of the proposed DACT methodology.
